A critical challenge to the cold dark matter (CDM) paradigm is that there are fewer satellites observed around the Milky Way than found in simulations of dark matter substructure. We show that there is a match between the observed satellite counts corrected by the detection efficiency of the Sloan Digital Sky Survey (for luminosities L 340 L ) and the number of luminous satellites predicted by CDM, assuming an empirical relation between stellar mass and halo mass. The "missing satellites problem", cast in terms of number counts, is thus solved. We also show that warm dark matter models with a thermal relic mass smaller than 4 keV are in tension with satellite counts, putting pressure on the sterile neutrino interpretation of recent X-ray observations. Importantly, the total number of Milky Way satellites depends sensitively on the spatial distribution of satellites, possibly leading to a "too many satellites" problem. Measurements of completely dark halos below 10 8 M , achievable with substructure lensing and stellar stream perturbations, are the next frontier for tests of CDM.
I. INTRODUCTION
One outstanding problem for the cold dark matter (CDM) paradigm is the missing satellites problem (MSP). When originally formulated, the MSP highlighted the discrepancy between the number of satellites predicted in CDM simulations, numbering in the 100s, and observed in the Milky Way (MW), numbering ∼10 [1] [2] [3] . Since then, increasingly sensitive surveys have pushed the observed satellite count to ∼50 (e.g., Ref. [4] [5] [6] ). Simultaneously, however, improved resolution in numerical simulations has also increased the number of predicted satellites (e.g., [7] ).
A crucial step towards resolving the MSP is to correct for those satellites that have not yet been detected. Only a fraction of the MW's virial volume has been surveyed [8] . The Sloan Digital Sky Survey (SDSS), by which ultra-faint dwarfs with luminosities as low as 340 L (Segue I) were discovered, covered only about a third of the sky. For the faintest dwarfs, SDSS was complete to ∼10% of the MW's virial radius [9, 10] . The observed count is thus a lower bound on the luminous MW satellite population. Completeness corrections must be applied to derive the total number of luminous MW satellites.
Fully resolving the MSP requires that the completeness-corrected galaxy count match the predicted luminous satellite abundance. This depends on the physics of an additional key component: baryons. There is growing evidence that not all dark matter subhalos host an observable galaxy. Galaxy evolution models [11] and star-formation histories of ultra-faint * kim.4905@osu.edu dwarfs [12] indicate that feedback processes and reionization prevent star formation.
In fact, subhalos below ∼10
9 M are inefficient in forming a luminous component [13, 14] . In CDM, most MW subhalos are dark.
In this work, we compare completeness corrections of the observed MW luminous galaxy population to theoretical predictions for the luminous galaxy population. We use an analytic approach to highlight specific physics, and provide a roadmap for future MW-based DM constraints. Our completeness correction is inspired by Refs. [8, [15] [16] [17] , which used simulations or Bayesian techniques to estimate that the MW hosts hundreds of luminous satellites. We calculate the total number of luminous galaxies down to 340 L based on the satellites observed by SDSS. For comparison, we predict the number of luminous satellites expected in CDM based on empirical scaling relations between halos and galaxies.
Successful dark matter models cannot produce just enough dark matter subhalos to match the corrected galaxy count-they must produce enough luminous galaxies. This places stringent constraints on warm dark matter (WDM) and sterile neutrino models, competitive with Lyman-α forest constraints [18] .
Successful galaxy formation models must produce enough luminous galaxies to match the corrected galaxy count. This has implications for the mass threshold for the subhalos that host the faintest galaxies, the redshift of reionization, and the tidal stripping of subhalos.
II. COMPLETENESS CORRECTIONS
The total number of luminous satellites within the MW virial radius (R vir = 300 kpc) can be extrapolated from arXiv:1711.06267v3 [astro-ph.CO] 12 Jun 2018 the number of observed satellites by calculating the correction factor c that converts
where Φ represents the set of parameters the correction depends on. This includes the survey area, survey sensitivity, and the spatial distribution of satellites. Recasting in luminosities L, and given either a continuous observed luminosity function dN obs /dL, or set of N obs satellites we can express Eq. 1 as
i.e. we integrate over the luminosity function or sum together the correction for each observed satellite. The correction is
where n(r) is the 3D satellite distribution, V vir the MW virial volume, and V obs (L) the volume over which a satellite of luminosity L has been surveyed. Note that the normalization to the spatial distribution cancels, and thus the correction depends only on the shape of the spatial distribution function-not the absolute number of satellites. Eq. 3 naturally accounts for anisotropies in the satellite distribution.
Although there are hints that the luminous satellite distribution is anisotropic [4, 8, 15, [19] [20] [21] [22] [23] , we assume it is sufficiently isotropic to be separable. The correction factor is thus
where c r and c Ω are the radial and angular corrections, respectively, and
and r c (L) is the radius out to which a survey covering an area Ω c of the sky is complete for a galaxy with luminosity L. To predict the number of satellites out to a given detection limit for other surveys based on counts from an earlier survey like SDSS, one can replace R vir with the radius out to which those surveys are complete. For SDSS, we adopt the completeness radius derived by Ref. [10] , for which
The angular correction dominates for the brightest galaxies, while the radial correction dominates for the faintest galaxies. The turnover between the two occurs at roughly L = 500 -2000 L (depending on the satellite distribution), and rapidly becomes large at lower luminosities. The radial distribution of luminous satellites, which is highly uncertain, has a significant impact on the corrected galaxy count. Well-motivated radial profiles from the literature, spanning the range of uncertainty on tidal stripping and subhalo-galaxy identification, are shown in Fig. 1 . The centrally concentrated NFW (with concentration c -2 = 9) [25] and SIS (singular isothermal sphere) [26] models correspond to the smooth dark matter distribution of the host. These profiles include satellites that are severely tidally stripped [8, 27] , which may be considered destroyed in other contexts (or unresolved in numerical simulations). The light red line is representative of distributions generated from dark matter only (DMO) simulations, but with assumptions on which subhalos host galaxies [16, 28] . The black dotted line shows how tidal stripping by a baryonic disk reduces the number of satellites close to the center of the MW as in Ref. [24] (hereafter GK17; see also [29] ). In contrast, the most severely stripped halos in Ref. [30] are shown in green. This corresponds to the hypothesis that the SDSS satellites are highly stripped remnants of larger galaxies. For our fiducial distribution, we adopt that derived in Ref. [28] (hereafter D17; shown by the dark red line), which matches the distribution of observed classical MW satellites.
We correct the number of galaxies observed through SDSS Data Release 8 (DR8) with these radial profiles. Our results are shown in the left panel of Fig. 2 and are listed in Tab. I. The width of the bars denote Fig. 1 ; the dark red denotes results based on D17. The light colored bands denote the uncertainty due to anisotropy (based on [15] ). Left: The gray-shaded region shows the predicted number of luminous satellites expected for the MW based on the calculation described in Sec. III. If the completeness-corrected count falls within these bounds, there is no MSP. Right: The width of the dark bands is set by the uncertainty on the MW mass, (1-2) ×10
12
M . The light bands denote uncertainties due to anisotropy. The bottom axis shows the subhalo mass at infall, and the top axis shows the average corresponding subhalo mass today [31] .
the uncertainty due to anisotropy, as measured in [15] (see supplementary material for a detailed discussion of anisotropies). In agreement with Refs. [8, 16] , we find that the correction is insensitive to the MW halo mass. Radial distributions corresponding to the hypothesis that satellites survive extreme tidal stripping (NFW and SIS) are more centrally concentrated, resulting in smaller corrected counts. Accounting for the effects of tidal stripping due to the presence of a baryonic disk as predicted by [24] produce the largest corrections. These results are a lower limit to the number of luminous satellites of the MW. We have not included the satellites of the Large Magellanic Cloud, dwarfs with surface brightnesses µ ≤ 30 mag arcsec −2 ("stealth galaxies", e.g. [32, 33] ), which are below the detection limit of SDSS DR8, although they have been found by new surveys [4, 33] , and dwarfs with luminosities below Segue I's. Segue I itself accounts for ∼40% of the correction; accounting for even fainter galaxies will increase the total number significantly. The inferred luminosity function of satellites is shown in the supplementary material.
III. CONSTRAINTS ON GALAXY EVOLUTION AND DARK MATTER MODELS
The calculations above set only the total number of luminous MW satellites that we can infer exists based on the observed dwarfs. Do the corrected counts imply that the MSP is solved? We present our fiducial calculation Predictions for DES, when complete after year 5, and sensitive down to apparent magnitudes V = 24.7; and for LSST after year 1, down to V = 26.
here, and provide details on choices and variants in the supplementary material. The number of dark matter subhalos hosted by the MW is derived by integrating the CDM mass function, which follows the form
where M denotes the mass of a subhalo at infall. The mass function based on present day (e.g. z = 0) subhalo masses is lower due to tidal stripping (M (z = 0) < M ).
We adopt K 0 = 1.88×10 −3 M −1 and α = 1.87 as in D17. The total number of subhalos above a threshold M min is thus
Not all subhalos are believed to host galaxies [34] [35] [36] [37] . Given the fraction of subhalos of a given mass that host a luminous galaxy, f lum (M ), we can derive the total number of luminous galaxies
The luminous fraction is a strong function of reionization redshift. z re , and the survival criteria [38] . We adopt the relation by D17 (see their Fig. 3 ), which assumes z re = 9.3 and a generous baryon survival criterion, which requires v max = 9.5 km/s (the peak of the circular velocity curve) at z < z re and v peak = 23.5 km/s at z > z re . Adopting a less generous criterion to match other work in the literature [39] [40] [41] drops the predicted number of luminous satellites by a factor 2-our results thus represent an upper bound. For comparison with our completeness correction, which only includes galaxies brighter than Segue I, we adopt M min = M SegI . We derive its total stellar mass by assuming a stellar mass-to-light ratio of 2 (i.e. M SegI * = 680 M , expected for an ancient metal-poor stellar population with a Kroupa initial mass function [42, 43] . To derive Segue I's halo mass, we make use of the fact that a galaxy's stellar mass is empirically tightly correlated with halo mass [44, 45] , a relation known as the stellar-mass-halo-mass (SMHM) relation. SMHM relations have only been calibrated for stellar masses greater than M * ∼ 10 8 M [46, 47] , but hydrodynamic simulations indicate that extrapolations to low masses are reasonable [48] . We adopt three SMHM relations that capture the diversity of SMHM relations and their scatter [46, 47, 49] , which gives a large range for M SegI = 8×10 6 to 7×10
8 M . The SMHM of Moster et al. [47] best matches hydrodynamic simulations of isolated galaxies [48, 50] .
The resultant number of subhalos and galaxies assuming a MW mass of 1.5 × 10 12 M is shown in Fig. 3 . The solid line denote the number of luminous satellites predicted by CDM; the dashed line shows the total number of subhalos. Down to M min = 10 7 M , there exists ∼2600 total subhalos and 280 galaxies, implying that only ∼10% of such subhalos are luminous. The number of luminous satellites down to M SegI for our range of SMHM relations is shown by the gray-shaded regions in Fig. 3 and the lefthand panel of Fig. 2 . The SMHM relation of Moster et al. [47] predicts ∼120 galaxies.
We now have all the tools required to match the theoretical and completeness-corrected galaxy counts. Our key result is shown in the left-hand plot of Fig. 2 . The number of galaxies more luminous than Segue I predicted in CDM matches the completeness-corrected observations for even the most conservative radial profile models (i.e. lies inside the gray-shaded region). Moreover, some radial profiles lead to corrected counts that exceed the predicted range. This is exacerbated if the reionization of the Local Group occurs earlier (see sup- 12 M . The number of luminous subhalos is modeled as in D17, assuming a reionization redshift zre = 9.3 [51] . The grey band shows SHMH predictions for the infall mass of Segue I.
plementary material). We call this the "too many satellites" problem.
These results have implications for galaxy formation theory and dark matter physics.
Subhalo minimum mass. Matching the corrected counts to CDM predictions gives a minimum subhalo mass for galaxies as faint as Segue I, as suggested by Ref. [17] . This is shown on the right panel of Fig. 2 . The bars denote the uncertainty on the lowest mass galaxy halo due to uncertainties on the MW mass, which we allowed to range from (1 − 2)× 10 12 M . As the transition from mostly bright to mostly dark subhalos (e.g. f lum = 0.5) occurs at ∼10 8 M in our reionization model, the lowest mass galaxy is near that mass threshold. Counts accounting for tidal stripping as in GK17 predict even smaller masses. The tidal-stripping-induced uncertainty on the completeness correction is the single-biggest driver of uncertainty in the subhalo minimum mass.
Dark matter model. Dark matter models with suppressed matter power spectra [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , such as WDM, must reproduce at a minimum the completenesscorrected counts. We briefly sketch the constraints we can place on WDM models with our corrected counts. This calculation is not intended to be a rigorous derivation of WDM constraints, but an illustration of possible limits when corrected counts are taken into account.
The radial distribution of WDM satellites closely follows CDM [65] , and thus the corrected counts derived above applies. To obtain the number of luminous satellites predicted by WDM, an identical analysis as in the previous section can be performed with the WDM mass function, which can be obtained from the CDM mass function by multiplying the factor
where β = 1.16, M is the infall mass, and M hm is the half-mode mass quantifying the suppression scale of the matter power spectrum [66] . We again use D17's reionization cutoff to estimate the number of luminous galaxies. This is a conservative overestimate, as WDM halos tend to form, and form stars, later than in CDM [67] , and because some of the satellites will be fainter than Segue I. In Fig. 3 , we show the number of satellites predicted by WDM mass functions for thermal relic particle masses ranging from 1-8 keV. If the MW has 120-150 galaxies brighter than Segue I, thermal relics below ∼4 keV are ruled out, although this depends on the MW halo mass ( [53] , and see supplementary material). This implies that the 7 keV sterile neutrino is in tension with satellite counts. More robust limits require the machinery of Ref. [17] , who find a 95% lower limit of 2.9 keV.
IV. CONCLUSIONS
Since the MSP was first identified, several advances in our understanding of dwarf galaxy evolution have reduced the severity of the missing satellites problem. Star formation in low-mass halos has been demonstrated to be suppressed by reionization and feedback. The discovery of many new dwarfs below the luminosity limit of the classical dwarfs have also closed the gap, as has the understanding that completeness corrections for the new dwarfs are large. In this Letter, we show that such corrections imply that the number of satellite galaxies that inhabit the Milky Way is consistent with the number of luminous satellites predicted by CDM down to halo masses of ∼10 8 M . There is thus no missing satellites problem. If anything, there may be a "too many satellites" problem. The major remaining uncertainty is the radial distribution of satellites, stemming from the uncertainty in tidal stripping. Our result pushes the scale for tests of CDM below 10 8 M in infall mass, or ∼10 7 M in present day subhalo mass. Methods that do not rely on baryonic tracers, like substructure lensing [68] [69] [70] or stellar stream gaps [71] , are required to test the predictions of CDM below this scale. The implications for dark matter models are significant. WDM theories equivalent to having thermal relic particle masses below 4 keV are in tension with MW satellite counts.
Appendix A: Model choices
Our goal with this work is to show that with wellmotivated theoretical choices, there is no missing satellites problem for the MW and to give (in particular) particle theorists a roadmap to test their preferred dark matter models with MW satellite counts. In this section, we describe the choices we made for models in the main text, and discuss how our key results depend on these choices. If, due to uncertainties, a range of choices are permissible, we generally chose the most conservative option. We show that despite this approach, we are led to the conclusion that there are no missing satellites.
Spatial distribution of satellites and the completeness correction
As we showed in Sec. II, the completeness correction depends sensitively on assumptions of how luminous satellites are distributed in the halos of their hosts. We consider the radial and angular distribution of satellites separately.
Radial distribution. There is considerable uncertainty in the radial distribution of surviving (i.e., not tidally disrupted) subhalos and luminous satellites. Our choice to use a range of analytic radial distributions for our completeness corrections spans this uncertainty, which stems primarily from whether the innermost subhalo population is faithfully represented in simulations, and whether the distributions of luminous and dark satellites differ. We discuss these uncertainties below.
There are hints that even high-resolution simulations today systematically underpredict the abundance of the innermost satellites. This is concerning as the completeness correction depends sensitively on them. If subhalos can survive being stripped of the vast majority of their mass ( 99%), their distribution should follow that of the host's smooth halo component [27] . However, in simulations, subhalos are biased away from the halo centers at fixed subhalo mass [27, 72] . This may be caused by numerical overmerging [73] [74] [75] , which can underestimate the amount of substructure in halos and make the subhalo population appear less concentrated than it really is. The major consequence is producing completeness corrections in the direction of a "too many satellites" problem.
Semi-analytic modelers are beginning to use an "orphan galaxy" (subhalos added to represent unresolved, artificially destroyed subhalos in the simulation) correction to radial distributions [8, 76] , but the correction needs better calibration on scales relevant to the Milky Way satellite population. In particular, it is not clear what level of stripping is allowed for us to perceive a satellite as being intact instead of appearing severely tidally disturbed. In the main text, we thus considered a distribution that matches the cuspy NFW DM distribution found in simulations. This choice gives the most conservative completeness correction (a la Ref. [8] ). However, it does appear somewhat more concentrated than observed massive satellite populations at moderate redshift [26] .
In addition to numerical artifacts, there is a concern that the internal density profile of satellites assumedwhich is itself uncertain-affects the satellite abundance and distribution. Although dark matter-only CDM simulations predict satellites with steeply rising central density cusps, the addition of baryonic (or new dark matter) physics can produce shallower cores. Several authors find that cores substantially reduce satellite survival, especially toward host centers [77, 78] , while others do not [24] . Similar to numerical overmerging, cored models would increase the completeness correction and decrease the predicted CDM satellite abundance, exacerbating a "too many satellites" problem. For our analysis, we thus conservatively assume radial distributions appropriate for cusped satellites. Furthermore, we note that if cores are generated by baryons, then only the classical satellites are likely to have them; the ultrafaint galaxies do not form enough stars to destroy their cusps [79, 80] .
Finally, we consider the effect of the baryonic disk on the satellites. Several studies show that the presence of the Milky Way's disk drastically increases tidal stripping of satellites within a few tens of kpc from the center of the host [24, 29, 78] . The least centrally concentrated distribution we considered combines the D17 selection of luminous subhalos with a GK17-based disk stripping cut. This may be unrealistically centrally depleted, given that it results in a severe too many satellites problem. It is possible that numerical overmerging is significant. Nevertheless, it is well-motivated by simulations and represents the model with the largest completeness correction.
Aside from concerns regarding the abundance and distribution of subhalos, there is a question of which of the subhalos are luminous. There are on-going discussions as to how the subhalo distribution is modified when considering only luminous satellites (e.g. [16, 28] ). For a given infall halo mass, luminous subhalos near the transition from f lum ≈ 1 to f lum ≈ 0 were preferentially formed and accreted onto the host early. D17 find that luminous satellites are hence more centrally concentrated than the subhalo population as a whole, given a subhalo mass threshold, and that their fiducial satellite radial distribution is a good match to the classical Milky Way satellites. We thus adopt the radial distributions of Ref. [16] and D17 as our fiducial radial distributions in this work.
The distributions that we considered thus represent a realistic range, spanning the range of theoretical uncertainty in satellite survival.
Angular distribution and anisotropy. There are four potential causes for satellite anisotropy which we consider as we calculate our completeness correction.
First, the Sun is offset from the center of the MW. However, Ref. [16] found that accounting for the fact that we observe the satellite distribution at 8 kpc from Galactic Center does not affect completeness corrections, and presumably impose no significant anisotropies.
Second, there is intrinsic anisotropy in simulations of Milky Way-mass systems, originating from the anisotropic assembly history of halos [15, 16] . We account for this uncertainty in the main text. In detail, [15] found that for SDSS DR5, which covered ∼1/5 of the sky, the area (or containment) correction ranged from c Ω = 3.5 to 8.3, 60-170% of the nominal survey area coverage. We conservatively assume the same level of variation due to anisotropy for DR8, for which c Ω ∼ 1/3.
Third, there are claims of a satellite plane around the Milky Way (e.g. [81] [82] [83] ). Some simulations show that the distribution of subhalos are not spherically symmetric [84, 85] . If the SDSS dwarfs were part of a satellite plane, the completeness correction would be smaller than we indicated in the main text. However, there is recent evidence that ultrafaint dwarfs do not live in planes. The 3D velocities of the SDSS dwarfs obtained by Gaia indicate that the orbits are substantially different from those of the classical satellites, and that the angular momentum vectors of their orbits are not well aligned with that of the plane of satellites [86] [87] [88] [89] . Moreover, the newly discovered Milky Way stellar streams in the DES footprint, which may be the remnants of ultrafaint galaxies (the best validated stream-galaxy connection is Tucana III's) have a wide distribution of angular momentum vector orientations [90, 91] . Thus, we conclude that the orbits of the known ultrafaint galaxies (including those that are disrupted into streams) are inconsistent with a plane-ofsatellites origin.
Finally, we consider the possibility that the LMC satellites can add an anisotropic contribution to the satellite distribution. As stated in the text, however, we are only concerned with galaxies that are satellites of the Milky Way, and not satellites of satellites (or in simulations, sub-subhalos). D17 showed that including LMC satellites causes only a 10% change in the Milky Way's satellite count. However, there are claims that the LMC satellites can account for upwards of 30% of the MW satellites (e.g. [92] ). This is likely too high an estimate. Eqn. 7 in the main text shows that the number of subhalos scales with the mass of the host; given that the LMC's dark matter halos is about 1/10 the mass of the MW's, it likely contributes at most 10% of the MW's satellites (and likely less, given that a larger fraction of the LMC satellites should be dark relative to the MW). It is possible that the radial distribution adopted or the LMC satellites in Ref. [92] , which is not centrally concentrated, results in an overly large estimate of the satellite population.
In conclusion, there is substantial evidence that the distribution of ultrafaint galaxies is largely isotropic. Any anisotropies are a product of the intrinsic anisotropy in the orientation of accreted satellites, an observation borne out in high-resolution simulations of Milky Waymass halos. We include this source of anisotropy in our completeness correction uncertainty budget.
CDM halo mass function and connection to Milky Way mass
For the CDM subhalo mass function upon which our luminous satellite prediction is built, we take the average mass function from the Caterpillar CDM-only simulation of MW analogs [28, 93] . We checked that this mass function agrees within 10% of that derived for the ELVIS simulations of the Local Volume [30] .
There are two minor uncertainties in the subhalo mass function. At fixed subhalo mass, the halo-to-halo scatter in the subhalo mass function is well-described by a negative binomial distribution with a width of about 15%, which is small [30, 94, 95] . Another small uncertainty on the subhalo mass function relates to the presence of baryons. Simulations show that baryonic physics suppresses the low-mass subhalo mass function by O(10%), from a combination of suppressed mass accretion and enhanced stripping by the MW disk [24, 34, 78] . We consider these to be small effects for CDM satellite predictions.
The largest uncertainty in the subhalo mass function comes from the uncertainty in the mass of the Milky Way halo. The subhalo abundance is directly proportional to the mass of the MW (e.g. Eq. 7). While we have adopted M MW = 1.5 × 10 12 M , current estimates of the Milky Way mass range from 0.5 − 2 × 10 12 M . However, masses on the lower end of this range cause the existence of the Milky Way's large dwarf companions, the Large and Small Magellanic Clouds, to become increasingly problematic [96, 97] . Such a low mass is also inconsistent with expectations from SMHM relations [46, 47] . We conservatively chose a mass toward the upper end of the likely range-resulting in a larger number of satellites predicted from simulations. The satellite abundance drops from 124 (160) luminous satellites (all subhalos) for a MW mass of 1.5 × 10 12 M to 83 (108) for a MW mass of 10 12 M , and 41 (53) for a MW mass of 0.5 × 10
12
M , assuming an infall subhalo mass M Seg I given by the SMHM relation of Ref. [47] . Adopting a smaller MW mass than we assumed goes even further in the direction of a no missing satellites problem and pushes us well into the regime of a "too many satellites" problem.
Gas cooling, reionization, and the luminous fraction of subhalos
Given a subhalo mass function, which subhalos host observable galaxies? We here discuss the relevant pieces of galaxy formation physics that determine which subhalos are luminous.
What is the smallest halo that might host a galaxy? Stars form from cold, dense gas, and thus the benchmark lowest-mass galaxy halos are assumed to have T vir = 10 of around 10 8 M before reionization [98] [99] [100] . Recently, simulations have shown that metal-line cooling can be effective in some halos down to a mass of M vir ∼ 10 7 M unless the local radiation field is strong [41, [101] [102] [103] [104] . However, although some galaxies can form in such small halos, simulations show that most 10 7 M halos at z ∼ 10 do not contain stars because of feedback from other nearby ionizing sources. More typically, Refs. [41, 104] find that about half of M vir = 10 8 M (atomic cooling) halos contain stars.
Star formation is universally suppressed in small halos by the end of the reionization epoch. Ionizing photons from small galaxies and Pop III stars photoevaporate gas out of existing small halos [105] , preventing small halos to accrete gas, much less cool it. The scale below which halos possess 50% or less of the universal baryon fraction of gas is called the "filtering scale" [38] . The filtering scale is typically quantified in terms of v vir or a related characteristic velocity. At reionization (z ∼ 10), the filtering velocity scale is 30-50 km/s [38, 98, 106, 107] , corresponding to virial masses M vir (z) > 10 9 M . It was recognized early that this threshold was sufficiently low enough that it could dramatically affect the observable MW satellite population [36] [37] [38] 108] . Only a small fraction of halos below this threshold form stars. After reionization, only significantly more massive halos admit star formation.
In semi-analytic models like ours, it is common to translate these findings into a parameterized two-step model to determine the luminous fraction. We use a threshold parameterized in terms of v max , the peak of the GM (r)/r curve which is typically ∼ 10% higher than v vir , as the condition for the two-step prescription we adopted from Ref. [28] . We choose this parameterization as v max tends only rises modestly after the initial halo formation epoch. It also tracks well with any temperaturerelated conditions. We require halos to achieve a minimum v max = 9.5 km/s (corresponding to a halo mass of 10 7 M at z = 10) before reionization to have a luminous component, or v max = 23.5 km/s after reionization. Our pre-reionization threshold is lower than the atomic hydrogen cooling halo limit, in accordance with Refs. [41, 104] . It is also a good match to Ref. [109] . We set the post-reionization threshold to be below the typical filtering scale, because halos at the filtering scale of, e.g., Refs. [38, 98, 106] still have significant gas. We note that our definition of luminous fraction is a statement about whether there is any star formation or not, so we err on the side of a lower filtering scale to allow for even a small amount of post-reionization star formation. Note that our pre-and post-reionization thresholds are low compared to the literature (cf. [110, 111] ), so we predict more luminous satellites than other works.
One may translate this criterion on v max to a luminous fraction as a function of M infall given a set of halo merger trees, as was done in Ref. [28] . For the reionization redshifts considered in this work, the luminous fraction plummets at M infall ≈ 10 8 M . This is higher than but consistent with the 10 7 M pre-reionization threshold for three reasons. First, a halo of mass 10 7 M at z = 10 is typically much more massive (by an order of magnitude) before infall on a MW-like host if it survives to the present. This is true even if the halo only undergoes "passive accretion," i.e., it only appears to grow on account of the reduced critical density at late times, which cause us to identify increasingly more mass with the halo [112] . Second, a 10 7 M halo is still cosmically quite rare at z > 10. Third, and related to this last point, most halos with M infall = 10 8 M today were below the prereionization go condition.
Our choices are backed by simulations, but where ambiguity exists, our model errs on the side of predicting too many, rather than too few, luminous dwarfs.
Redshift-dependence of the reionization model
As described in the previous section and in Sec. III of the main text, feionization suppresses the formation of galaxies in small halos [11] . Our fiducial model, based on Ref. [28] , assumed that the reionization of the Local Group occurred at z re = 9.3, at the early end for global reionization [51] . However, reionization is expected to be patchy. Depending on the exact nature of the source of reionizing photons at high redshift, the MW is expected to reionize earlier than average [113, 114] . Fewer halos form stars if reionization occurs earlier.
In Fig. 4 and Tab. II, we show the maximum number of galaxies that form (i.e. integrating down to the threshold mass required to form luminous galaxy), assuming reionization occurs at earlier redshifts of z re = 11.3 and 14.4 for CDM as well as WDM models. Note that should one integrate down to e.g. Segue I's halo mass, or any mass above this threshold, the number of galaxies will be strictly lower than the values listed in in Table II . For comparison, we show the total number of subhalos. Assuming the Milky Way has a completenesscorrected total of ∼120-150 luminous galaxies brighter than Segue I, there is tension with even the CDM predictions for z re = 11. Reionization redshifts z re 11 are disfavored. An early reionization redshift also puts severe pressure on WDM models. In Fig. 5 , we show the implied minimum halo mass if we match the prediction for CDM with the completeness-corrected galaxy count. 
Stellar mass of Segue I
In order to compare the expected number of superSegue-I-mass satellites of the Milky Way to the the completeness-corrected satellite counts, we must determine the infall subhalo mass of Segue I. As discussed in Sec. III, the first step in deriving this is to convert its luminosity into a stellar mass. While the estimates of the stellar masses of the luminous classical satellites are complicated by their extended star-formation histories [115] , ultrafaint galaxies like Segue I are comparatively simple systems. Because they are ancient and metal-poor, the main uncertainty in translating from light to mass, or mass to light, is the initial mass function (IMF) of stars down to the hydrogen burning limit.
For the ultrafaints, we assumed a V-band mass-to-light ratio M * /L V = 2M /L for Segue I. This estimate gives us a stellar mass of 680 M , close to that computed by [43] , who found Segue I to have M * = 600 M assuming a Kroupa IMF. Assuming instead a Salpeter IMF produces a larger estimate of M * = 1300 M . Should this larger stellar mass be adopted, Segue I would have a higher halo mass, and the missing satellites problem would be further lessened in severity. However, recent work on six ultrafaint dwarfs using deep HST photometry suggests that their IMFs are closer to the Kroupa than Salpeter IMF [116] . We consider M * /L V = 2M /L , which lies between Kroupa and Salpeter, a reasonable estimate for this work.
Matching galaxies to halos
The final step in predicting the number of luminous satellites brighter than Segue I in the MW halo is to estimate Segue I's subhalo mass from its stellar mass (inferred from its luminosity, see Sec. III and A 5). To do this, we use relations that relate the stellar mass to infall halo mass, what are known as stellar mass-halo mass (SMHM) relations.
For galaxies more massive or luminous than the Fornax MW satellite, matching galaxies to halos before infall provides the best fit to observational galaxy clustering, abundance, and growth patterns [47, [117] [118] [119] . However, no stellar mass-halo mass relation (SMHM) has been constructed empirically at lower stellar masses, the regime of the SDSS ultrafaints. However, high-resolution hydrodynamic simulations of dwarf galaxies in field environments indicate that extrapolations of empirically well-calibrated relations at M * ∼ 10 7 M scales are likely valid down to at least a few 10 3 M in stellar mass [48, [120] [121] [122] . In simulations, SMHM relations are in place before reionization [41] .
We used a one-to-one relation between stellar mass and halo mass (i.e. placed the brightest satellites in the most massive luminous halos and so on down the respective mass functions,à la abundance matching) to estimate satellite number counts. However, there is certainly scatter in the relation, with some suggestions that the scatter increase for decreasing halo mass [123] . Scatter reduces the precision with which we can identify Segue I's mass, and requires us to consider a range of possible masses. We sought to capture this uncertainty by considering a broad range of SMHM relations, which spans more than an order of magnitude in halo mass. Further, Ref. [17] calculated completeness corrections using SMHMs with and without scatter and found no differences. Ref. [123] noted that the observed SMHM relation may be shallower than the true SMHM; this would map Segue I to a larger halo mass, causing the missing satellites problem to further lessen in severity.
As a further check, we calculated the number of luminous satellites above a fixed stellar mass threshold and a fixed subhalo mass function using a probabilistic model to capture the scatter,
where M is the infall subhalo mass, M host vir and M host * are the host virial and stellar masses, and P (log M * | log M ) is a model for the scatter in the SMHM relation (the probability that a satellite has stellar mass M * given an infall halo mass M ). We take a log-normal distribution for P (log M * | log M ), hence the logarithmic variables and integration limits. Because the (sub)halo mass function falls so steeply for increasing stellar mass, scatter in the SMHM relation is more likely to push a low-mass halo above the M * threshold than vice versa. We find that a 1 dex scatter increases the number of predicted satellites up by 50% near the estimated Segue I stellar mass. Higher scatter does not increase the predicted satellite count further because of the f lum cutoff at small halo mass. The scatter-induced increase in the number of predicted satellites is smaller for higher stellar mass thresholds. We note that the scatter-induced uncertainty in the abundance of satellites more massive than Segue I is subdominant to the uncertainty in the mean SMHM relation which was accounted for in the main text.
Treatment of warm dark matter
We adopt simple simulation-driven models to assess the missing satellites problem in the context of dark matter models with a truncation in the matter power spectrum. Although we refer to these models as "warm dark matter" models here, and benchmark against a thermal relic treatment, our constraints can be applied to any dark matter model (e.g., sterile neutrinos, hidden-sector dark matter, even fuzzy dark matter) with a small-scale suppression in the matter power spectrum.
Completeness correction: WDM simulations show that the radial distribution of subhalos is identical to CDM in dark-matter-only simulations [65] . Massive luminous satellites in hydrodynamic WDM simulations share this similarity [56] . This fact has its origins in the effect of the truncation of the matter power spectrum on halo structural properties. Only halos near the half-mode mass have halo properties that differ noticeably from CDM [124, 125] . However, on this scale, the halo mass function is significantly suppressed [126] . Thus, halos above the half-mode mass should behave as CDM halos. In hydrodynamic simulations, the central density profiles of satellites are driven by baryons in both CDM and WDM cosmologies. Therefore, we do not expect significant differences between WDM and CDM satellite tidal stripping histories, and hence the radial distribution of satellites should look similar. Thus, the completeness corrections we found in the main text apply to WDM cosmologies as well as to CDM.
One caveat to this argument pertains to the small number of satellites that form in halos below the half-mode mass. These halos form late and with low densities relative to their CDM counterparts [127] . Such halos are more prone to tidal disruption; additionally, their late formation and infall onto the host implies that they are not centrally concentrated in the host (see, e.g., Ref. [128] ). The combination of these effects suggests that our less centrally concentrated completeness corrections may apply for some of the observed ultrafaint galaxies. This goes in the direction of exacerbating the "too many satellites" problem, and leads to more stringent constraints on the matter power spectrum cut-off.
Satellite number count predictions: Our prediction for the number of luminous satellites in WDM cosmology mirrors our CDM treatment, although with a few crucial caveats.
First, we consider the subhalo mass function, the scaffolding for our satellite prediction. As with CDM, this requires the mass function of surviving subhalos (again defining mass to be the mass at infall). Ref. [66] find that the WDM halo mass function for field halos is suppressed relative to CDM according to
for n's representing the number of halos per unit volume, a half-mode mass M hm , a virial mass M , and β = 1.16. Assuming most subhalos were originally field halos that fell into a bigger halo, we apply this suppression function to the CDM subhalo infall mass function. We checked the resulting number counts against other work (e.g., Ref. [125] ) and found consistent results. Second, we consider the luminous fraction. Conservatively, we assume that the luminous fraction is the same in WDM as in CDM. This assumption is conservative in the sense that it almost certainly predicts too many luminous satellites for fixed halo mass, especially at the low-mass end. Halos, and hence their luminous components, form later in WDM cosmologies than in CDM [67, 129] . Halos below the half-mass scale form much later [127] . This further suppresses the number of luminous galaxies in WDM. In addition, although WDM models can produce enough moderate-mass galaxies to reionize the universe at a time consistent with observations [57] , they do so in bigger halos that form stars more rapidly than in CDM. After reionization, star formation is suppressed in low mass WDM halos in the same way as in CDM. This also suggests that the luminous fraction of ∼ 10 8 M halos is further suppressed in WDM than CDM cosmologies. Our simple model thus predicts more luminous WDM satellites than we should realistically expect. Once luminous fractions are robustly obtained from simulations and semi-analytic models, they can be used in our model for simple satellite predictions.
Finally, we consider the SMHM in WDM. Above the half-mode mass scale, where hydrodynamic simulations have been performed and where some semianalytic models exist, the SMHM relations looks consistent with CDM, albeit with perhaps somewhat more scatter [56, 67] . Thus, we use CDM SMHM relations for our WDM predictions.
In conclusion, we made a set of conservative choices to compare completeness-corrected satellite counts to theoretical satellite predictions for WDM. We consider it likely that true constraints are more stringent than what we show in this work. 
